We investigate the valence u ands quark distribution functions of the
I. INTRODUCTION
The SU (3) flavor symmetry has played an important role in the development of hadron physics since the first strange particle, the kaon, was discovered in 1947. In particular, various static properties of hadrons made of the light quarks q = (u, d, s) have been successfully explained by virtue of this symmetry. With the advent of quantum chromodynamics (QCD), we now understand that this success is due to the fact that the masses of the light quarks are small compared with the typical scale of QCD. However, the SU (3) flavor symmetry is explicitly broken by the strange quark mass which is larger than the up and down quark masses. One can study this symmetry breaking by considering the pattern of the light quark masses, which provides an important link between QCD and the hadronic structure. Since the static properties of hadrons are dominated by the long-distance physics which is essentially nonperturbative in nature, one cannot directly apply the perturbative technique of QCD there, and this fact has attracted a lot of attention for decades. Besides the static and quasi-static properties of the hadrons such as the polarizabilities and the form factors, the hadron structure has also been explored in the high energy scattering processes such as the deep inelastic scattering or the Drell-Yan processes. The partonic structure of hadrons is encoded into the parton distribution functions (PDFs). Although one cannot calculate them by using QCD itself because of their nonperturbative nature, some indirect ways including employing phenomenological models provide us with opportunities to investigate. There are several models which have been created and used widely so far. In this study, we focus on the quark distribution functions in PDFs, and one of the most suitable models to investigate them is the chiral constituent quark model [1, 2] .
In this model, the constituent quarks are surrounded by meson clouds, and one can evaluate the dressing corrections at some low scale Q 2 0 . The calculated distribution functions are evolved by the DGLAP equation to higher Q 2 at which high energy scattering occurs in practice, and then sea-quarks and gluons emerge as PDFs. The existence of the meson cloud is based on the fact that the chiral symmetry of the QCD vacuum is spontaneously broken and the light pseudoscalar mesons are the corresponding Nambu-Goldstone bosons. Those Nambu-Goldstone bosons couple to any particles and develop the meson clouds around the cores. Therefore the meson cloud effects play dominant roles in the hadronic structures and interactions at low energies. Since the SU (3) flavor symmetry breaking effect in the Nambu-Goldstone bosons is manifested by the mass difference between the pion and kaon, studying their structures is closely related to the investigation of the symmetry breaking. It is problematic to apply the leading-order or even the next-to-leading-order (NLO) QCD evolution to the PDFs computed at the initial scale where the value of α s is usually quite large. Hence it is necessary to take the meson cloud effects into account to understand the hadron structures particularly at such a low energy (see Refs. [3, 4] , and references therein).
Focusing on the meson cloud effects, many studies have been done so far to investigate the nucleon PDFs, and there have been various interesting discoveries such as a flavor asymmetry in the PDFs of the nucleon. This asymmetry is due to the Goldstone boson fluctuations which also generate significant depolarization effects reducing the fraction of the nucleon spin carried by the quarks [3] . However, preceding studies on PDFs of the Goldstone bosons are much fewer. This is because it is rather difficult to extract those PDFs since the pseudoscalar mesons are not stable particles. Our knowledge of the pion PDFs is entirely from the Drell-Yan di-muon production, π ± N → µ + µ − X [5] [6] [7] . Nevertheless, there are still several theoretical studies on the pion PDFs since the investigation of the pion structure is one of the most important subjects in hadron physics because of its Nambu-Goldstone nature [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and some related lattice studies have also been done [27, 28] . In particular, the authors of Ref. [8] performed their analysis including the next-to-leading-logarithmic threshold resummation effects in the calculation of the Drell-Yan cross section to extract the valence quark distribution of the pion. We have found that their results can be reproduced within the chiral constituent quark model, and investigated the roles of the meson cloud effects in the pion valence quark distribution [29] . Hence, it is natural for us to extend our study to the kaon case to see the meson cloud effects and the SU (3) flavor symmetry breaking effect in the kaon quark distribution functions. The experimental extraction of the kaon PDFs is even more difficult, and currently only the data for the ratio of the valence quark distributions of the pion and kaon presented in Ref. [30] are available. However, the kaon-induced Drell-Yan experiment has been proposed at some experimental facilities. Our predictions presented in this article can be tested there in the future.
In this study, we assume the functional forms of the bare quark distributions of the kaon with some adjustable parameters at the initial scale, which is the so-called model scale. We evaluate the dressing corrections to the bare distributions at this scale, and obtain the dressed distributions at higher Q 2 by performing the QCD evolution. The parameters are fixed to reproduce the experimental data of the ratio of the pion and kaon valence quark distributions. As to the required bare distribution of the pion, we utilize the results of the previous work [29] . The resulting u and s quark distributions of the K + meson will be shown, and then we will discuss in detail the features of the meson cloud effects and the SU (3) flavor symmetry breaking effect in those distributions.
This article is organized as follows: In Sec. II, we briefly explain how to evaluate the dressing corrections in the chiral constituent quark model, and present the resulting analytical expressions of the dressed distributions. We show and discuss our numerical results in Sec. III. Sec. IV is devoted to the conclusion.
II. DRESSING CORRECTIONS TO QUARK DISTRIBUTION FUNCTIONS OF THE KAON
In this section, we briefly sketch our scheme of computing the dressing corrections from the meson cloud effects on constituent quarks in the framework of the chiral constituent quark model. Its applications to the nucleon and the pion were demonstrated in Ref. [3] and Ref. [29] , respectively. The constituent quark field ψ and the Nambu-Goldstone boson fields Π are defined as
Their interactions are described by a simple effective Lagrangian with the full SU (3) flavor symmetry,
where f and g A represent the pseudoscalar decay constant and the quark axial-vector coupling constant, respectively. Assuming that the isospin symmetry is exact, we have the following relations between the dressed and bare states of (a) (b)
The two diagrams characterizing the dressing corrections to a constituent quark. The wavy, thick, and dashed lines denote the virtual photons, the constituent quarks, and the Goldstone bosons, respectively.
constituent quarks,
where Z u = Z d and Z s are the renormalization constants for the bare constituent quarks.
represent the probabilities of finding a Goldstone boson α in the dressed states of constituent u, d, and s quarks, respectively. The dressing corrections are characterized by the two diagrams in Fig. 1 . Fig. 1 (a) depicts the process in which the virtual photons directly couple to the constituent quark and the Goldstone boson around the constituent quark is just a spectator. Fig. 1 (b) shows the process in which the virtual photons couple to the sea-quark pair emitted by the Goldstone boson dressing the constituent quark. In this work, we evaluate those diagrams in the infinite momentum frame, because the Z-graph terms vanish in this frame and the calculations are simplified.
The dressing corrections can be analytically expressed by the convolution integrals, and through this article we adopt the following short hand notation,
The contributions corresponding to Fig. 1 (a) and (b) are given by P jα/i ⊗ q i and V k/α ⊗ P αj/i ⊗ q i , respectively. Here V k/α is the quark distribution function of the Goldstone boson α with the normalization condition,
P jα/i (y) is the splitting function which gives the probability of finding a constituent quark j having the momentum fraction y together with a spectator Goldstone boson α in a parent constituent quark i. Its functional form is given by
where P αj/i (x) = P jα/i (1 − x), and m i , m j , and m α represent the masses of the constituent quarks and the spectator Goldstone boson. M 2 jα is the invariant mass squared of the final state,
andm = (m i + m j )/2 represents the average of the constituent quark masses. Since the integral in Eq. (6) diverges if performed straightforwardly, we need to replace g A with the following function to make the integral to converge [31] , where Λ is the cutoff. Defining the moments of the splitting functions as
we express the first moments as P α hereafter. The values of the adjustable parameters that we choose for the numerical evaluations in this work are shown in Table I . They are typical values guided by the related preceding studies based on the Nambu-Jona-Lasinio model [32] [33] [34] . In particular, the obtained value of the Gottfried sum rule by using this parameter set in the present scheme agrees with the empirical value [3] .
Here we present the obtained expressions of the dressed valence u ands quark distributions of the K + meson. Their bare quark distribution functions, u 0 (x) ands 0 (x), at the initial scale Q 2 = Q 2 0 satisfy the normalization conditions,
First, we show the results for the u quark. Collecting all the corresponding terms described by the diagrams in Fig. 1 , the dressed u andū quark distribution functions can be written as
respectively. The renormalization constant is expressed as
where P K(i=u) and P η(i=u) denote the first moments of the splitting functions in which the parent constituent quark is a u quark. Hence, we obtain the expression of the dressed valence u quark distribution function,
Integrating both sides of Eq. (12), we obtain
which shows the correct normalization.
To investigate the meson cloud effects on the valence u quark distribution in detail, we decompose the dressed distribution into several terms as follows:
where
Here the first term v K(u),0 (x) represents the contribution from the renormalization constant only, and the upper indices a and b correspond to the diagrams in Fig. 1 (a) and (b) , respectively. The numbers 1, 2, and 3 denoted as the upper indices correspond to the contributions in which the involved Goldstone bosons are the pion, the kaon, and the η meson, respectively. We display and discuss their contributions individually in the next section.
Next, we present the analytical results for thes quark in the K + meson. The dressed distribution functions of thē s and s quarks can be written as
Hence, we obtain the expression of the dressed valences quark distribution function,
Integrating both sides of Eq. (17), we obtain
Similar to the u quark case, we decompose the dressed valences quark distribution into several terms as follows:
where The resulting values of the first moments of the splitting functions and the renormalization constants. The notations are the same as those in the u quark case, and the discussion on the individual terms is given in the next section.
Here we make some remarks on the values of P α and the renormalization constants, which are obtained with the parameter set shown in Table I and presented in Table II . We can clearly observe the SU (3) flavor symmetry breaking in the values of P α , but the difference between Z u and Z s is relatively small. It should be noted that the η meson contributions to Z u and Z s are quite different from each other, and this difference reduces the difference between the two renormalization constants. Considering the factors in the right-hand sides of Eqs. (11) and (16), the η meson contribution to Z u is about 0.01 only, but that to Z s is about 0.08. This fact implies that the η meson contribution should not be neglected when we consider the strange quark distribution function of the kaon, while it was neglected in Ref. [29] because only the pion structure was studied there.
III. NUMERICAL RESULTS AND DISCUSSION
In this section, we present our numerical results and discuss their implications. To obtain the dressed quark distributions of the kaon, we need to determine the bare distribution functions of both the pion and kaon. As to the pion's, we simply utilize the result of the previous work [29] ,
where N π is the normalization factor and α = 1.8. The value of α was fixed to reproduce the results of Ref. [8] at Q 2 = 16 GeV 2 . Also, in the previous work the initial scale was fixed as Q 2 0 = 0.25 GeV 2 , and we adopt the same value in this study. Therefore, our task at this stage is to determine the bare valence u ands quark distribution functions of the K + meson at the initial scale. To do so, we assume that they own the following functional forms,
respectively. Here β and γ are the parameters to be determined, and N K(u) and N K(s) are the normalization factors. In this study, to determine those parameters we utilize the experimental data for the ratio of the valence quark distribution functions of the pion and kaon, v
. First, we evaluate the dressing corrections to the bare u quark distribution function of the kaon with arbitrarily fixed parameters at the initial scale, and then perform the QCD evolution to obtain the dressed distribution at Q 2 = 27 GeV 2 . Involving the dressed distribution of the pion, we compare the obtained ratio with that from the data at this scale. For this procedure, we utilize the DGLAP evolution code [35] , and the results presented here are obtained at NLO accuracy. For the fitting, the MINUIT package [36] is used. The best fit values of the parameters are found to be:
We show in Fig. 2 the resulting valence u quark distribution function of the K + meson at Q 2 = 27 GeV 2 by the cross-hatched pattern. The results depicted by the circles and squares are obtained by using the valence quark distributions of the pion multiplied by the ratio v K(u) /v π(u) . For the former ones, we utilize the pion's distribution presented in Ref. [29] , and the Glück-Reya-Schienbein (GRS) parametrization [12] is used for the latter ones. One can find from this figure that the empirical values depicted by the circles are almost perfectly consistent with our results [30] and the valence quark distribution function of the pion taken from Ref. [29] . The squares represent the results obtained from the combination of the ratio and the GRS parametrization [12] . The error bars for those empirical values are also provided here.
denoted by the cross-hatched pattern within their errors, which means that our fitting is successfully performed. It should be emphasized here that there are only two adjustable parameters, β and γ, in this fitting, although basically more parameters appears in other models. It is clear to see that the values based on the GRS parametrization are smaller than the ones from Ref. [29] when x ≤ 0.7 but become larger when x ≥ 0.7. In particular, we notice that the value of the valence quark distribution function of the pion is almost zero at x = 0.93 in Ref. [29] , so the u quark distribution function of the kaon also vanishes at this value of x.
Using the Eq. (17), with the same values of β and γ we also can proceed to calculate the dressed valences quark distribution function of the K + meson. Although there is no available experimental data of v K(s) so far, we expect there will be some available data in the near future. bare when x ≤ 0.5, but when x ≥ 0.5 the situation is substantially inverted. This observation is qualitatively consistent with those can be seen in the preceding studies [21, 24] . However, we also find that the observed SU (3) flavor symmetry breaking in our bare distributions is much smaller than those found in them. In particular, we notice that our v Then, let us present our results for the dressed distributions at the initial and higher Q 2 in Fig. 4 . First, we explain with the left panel in the figure the slight difference in the treatments of the pion's dressed distribution in this work. In Ref. [29] , the η meson contribution was neglected, and the bare valence u quark distribution of the kaon required for their numerical evaluations was simply replaced by the pion's. Their results are shown by the solid line in the left panel. On the other hand, in this work those two parts are improved, and the results are depicted by the dashed line. As seen from the comparison, the difference between the two is extremely tiny, which justify the treatment in the previous work. Nevertheless, the other calculations for the pion presented in this article are obtained with the updated one. Focusing on the results for the kaon, our non-trivial finding is that the difference between v K(u) dressed and v
K(s)
dressed becomes slightly smaller compared with that from the bare ones demonstrated in Fig. 3 . In other words, the meson cloud effects actually reduce the SU (3) symmetry breaking effect in the distribution functions. We also find that v
bare is obviously larger than v π bare in the region between x = 0.6 and 0.8. After performing Q 2 evolution, the shapes of the curves change, but the qualitative relations among them remain the same. Unlike the results presented in some preceding studies, e.g., the nonlocal chiral quark model [20, 21] or the Dyson-Schwinger equation [24] , the observed size of the SU (3) symmetry breaking in our analysis is clearly smaller. To understand this, our further investigations on the contributions from each term in the expressions of the dressed distributions will be presented later in this section. Before moving on to the part, we display the errors of the resulting distributions of the kaon, and present and discuss the moments calculated from the results.
First, we show in Fig. 5 the resulting dressed valence u quark distribution of the kaon with its uncertainties, together with the pion's result for comparison. One can see from the figure that xv π is smaller that xv K(u) in the region between x = 0.2 and 0.5, but larger when x ≥ 0.7 at the initial scale. At Q 2 = 27 GeV 2 , it is harder to find the difference between the two results, and they are almost identical to each other within the uncertainties particularly in the region where x ≥ 0.3. Next, we display the dressed valence quark distributions of the kaon with the uncertainties of thes quark distributions in Fig. 6 . Although the differences are quite tiny, but one can find that xv K(u) is slightly larger than xv K(s) in the region between x = 0.3 and 0.5, and smaller when the value of x is in the range of 0.6 ∼ 0.8 at the initial scale. We find that the two curves are almost identical to each other within the uncertainties in the whole x region at Q 2 = 27 GeV 2 .
Since it is useful to consider the moments of the obtained distribution functions to compare the results with those in the preceding studies, we present our resulting values in Table III . For comparison, the results of the Dyson-Schwinger equation based study [24] are also shown in the table. As to the results for v π and v K(u) , our values are slightly smaller than theirs, but the differences are not large. However, one can see the substantial difference between the two in the re- The first three moments obtained from the resulting dressed valence quark distributions at Q 2 = 27 GeV 2 , compared with the results in Ref. [24] . sults for v K(s) , which reflects the difference in the size of the SU (3) flavor symmetry breaking observed in the analysis.
The next step of our analysis is to make a detailed anatomy of the meson cloud effects on the valence quark distribution functions of the kaon at the initial scale. The contributions from each term in Eqs. (14) and (19) to dressed distributions are explicitly displayed in Fig. 7 . The left panel is for v K(u) dressed and the right panel is for v
Let us look at the u quark case first. The thick solid curve corresponding to xv K(u),0 is just the bare valence quark distribution function multiplied by the renormalization constant Z u . It is obvious that this term gives the dominant contribution in the region where x ≥ 0.6. Thus our u quark distribution behaves as (1 − x) γ when x → 1. The contributions from the diagrams in Fig. 1 are significantly nonzero only in the region of x ≤ 0.6. Among them, only xv K(u),a2 is negative and the other terms are all positive. One finds that xv K(u),b2 is larger than xv K(u),b1 in the whole region, and xv K(u),b1 is larger than xv K(u),a1 when x ≤ 0.3. The η meson contribution, xv K(u),a3 , is extremely small. Then, let us look at thes quark case. The role of xv K(s),0 is similar to that of xv K(u),0 , and this term gives the dominant contribution when x ≥ 0.6. xv K(s),a2 is negative, and xv K(s),a3 and xv K(s),b2 are positive in the whole region. However, the magnitude of xv K(s),b2 is larger than double of that of xv K(s),a2 . Since the size of xv K(s),a3 is close to that of xv K(s),a2 , the main contribution in the small x region is from xv K(s),b2 .
Now we can discuss the reason for the observed small size SU (3) flavor symmetry breaking in our analysis. In the large x region, the difference between v
bare . We find that v
bare is larger than v
bare in the region, and Z s is about 6% smaller than Z u . Therefore, magnitudes of v
dressed become close to each other. In other words, at large x the dressing correction is negative, and the valences quark receives a larger suppression compared with the u quark. Thus the difference between the resulting distributions becomes smaller. In the small x region, the difference is mainly from the different contributions of the dressing corrections shown in Fig. 7 . Here the total size of the corrections is positive, and the valences quark receives a larger enhancement mostly due to the contribution of xv
bare in the small x region, the resulting size of the SU (3) flavor symmetry breaking becomes smaller compared with that we can see in the bare distributions.
Finally, we investigate the relative magnitudes of the dressing corrections to the constituent quarks of the kaon. To do so, we define the following quantities,
Our results are displayed in Fig. 8 . The left panel is for R K(u) and the right panel is for R K(s) . In the former one, the correction is simply the overall 33% reduction due to the renormalization constant Z u in the large x region at Q 2 = Q 2 0 , but at higher Q 2 , R K(u) appears to be suppressed in the region of x ≥ 0.8. Furthermore, this suppression becomes more pronounced as Q 2 increases. Usually the large x behavior of the valence quark distribution function is characterized by some exponent δ such that v(x) ∼ (1 − x) δ as x ∼ 1. The dressing effect makes the value of δ to be substantially larger as Q 2 increases. The situation in the small x region is rather different, and the dressing effect enhances the bare distribution significantly when x ≤ 0.4. However, the magnitude of this enhancement decreases as Q 2 increases. Besides, there is a plateau when x is in the range of 0.4 ∼ 0.8 where the dressing effect is just the overall 33% suppression for any value of Q 2 . This general feature can also be seen in R K(s) , while the the size of the overall reduction becomes about 37% and the enhancement in the small x region is slightly larger compared with the u quark case.
IV. CONCLUSION
In this article, the valence u ands quark distribution functions of the K + meson have been studied, and the meson cloud effects on its constituent quarks have been discussed in detail in the framework of the chiral constituent quark model. We judiciously chose the bare valence quark distributions to generate the dressed distributions which agrees with the phenomenologically satisfactory v π and the experimental data of the ratio v K(u) /v π(u) .
We found that the resulting distributions show an obviously small SU (3) flavor symmetry breaking, compared with results of the preceding studies based on other approaches. In our results, the three distributions, v π , v K(u) , and v K(s) , are close to each other at both the initial scale and the higher Q 2 . The similar observation can be seen from the small differences among the moments calculated with them. To find out the reasons for this, we then investigated the contributions of each term in the expressions of the dressed distribution functions. The observed general features of the dressing corrections are consistent with the findings in the previously studied pion case, and there is no crucial difference in between the v K(u) and v K(s) cases. The contributions from the renormalization constants are dominant in controlling the moments, and actually the difference between Z u and Z s is small, although the SU (3) flavor symmetry breaking effects are clearly introduced in the model parameters such as the constituent quark masses. This is our non-trivial finding in this study, and contributes in part to the small symmetry breaking.
The analysis presented in this article is model dependent, and making modifications, such as employing more complicated functional forms for the bare quark distributions, is possible. However, it is also true that the currently available experimental data for the kaon have large uncertainties, which makes it quite difficult to impose constraints on the adjustable parameters in the model. It should also be noted here that our results for the kaon depend on the distribution function of the pion. Not a few studies on the pion PDFs have been done so far, but they have not yet been pinned down because of a lack of data. However, the pion-induced Drell-Yan experiment is currently performed by COMPASS Collaboration at CERN [37] . The forthcoming results from this experiment hopefully will improve our understandings about the pion structure in the near future. Furthermore, the high intensity kaon beam might be available at some experimental facilities such as COMPASS and J-PARC [38] in the future. Via the kaon-induced Drell-Yan experiment at these facilities, our predictions presented here could be tested.
